ABSTRACT Oxygen transport in the Chinese hamster ovary (CHO) plasma membrane has been studied by observing the collision of molecular oxygen with nitroxide radical spin labels placed in the lipid bilayer portion of the membrane at various distances from the membrane surface using the long-pulse saturationrecovery electron spin resonance (ESR) technique. The collision rate was estimated for 5-, 12-, and 16-doxylstearic acids from spin-lattice relaxation times (TI) measured in the presence and absence of molecular oxygen. Profiles of the local oxygen transport parameters across the membrane were obtained showing that the oxygen diffusion-concentration product is lower than in water for all locations at 37°C. From oxygen transport parameter profiles, the membrane oxygen permeability coefficients were estimated according to the procedure developed earlier by Subczynski et al. (Subczynski, W. K., J. S. Hyde, and A. Kusumi. 1989 . Proceedings of the National Academy of Sciences, . At 37°C, the oxygen permeability coefficient for the plasma membrane was found to be 42 cm/s, about two times lower than for a water layer of the same thickness as the membrane. The oxygen concentration difference across the CHO plasma membrane at physiological conditions is in the nanomolar range. It is concluded that oxygen permeation across the cell plasma membrane cannot be a rate-limiting step for cellular respiration.
INTRODUCTION
Knowledge of the concentration, diffusion, and transport of molecular oxygen in tissues, ceils, and subcellular structures is required to solve important oxygen-related 7O THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 100 • 1992 physiological and toxicological problems (McCord, 1985) and to understand the basis for radiation (Hill and Pallavicini, 1983) and photodynamic (Kalyanaraman, Feix, Sieber, Thomas, and Girotti, 1987) therapy.
The rate of oxygen consumption of a suspension of cells can be measured using various approaches (Lai, Hopwood, Hyde, and Lukiewicz, 1982; Froncisz, Lai, and Hyde, 1985 , and citations therein). It was found in these two studies that the rate of oxygen consumption of Chinese hamster ovary (CHO) cells was independent of dissolved oxygen concentration down to levels as low as ~ 1 I~M. It is therefore apparent that the respiratory rate in this cellular system is under enzymatic control over a wide range of oxygen tensions, and the question of whether or not the membrane is a barrier to oxygen transport can be relevant only at low concentrations. Froncisz et al. (1985) developed arguments indicating that diffusion limitation in the CHO system cannot be occurring at any level of oxygen concentration including concentrations near the apparent Michaelis-Menten value. However, this conclusion was cautiously qualified. The question of whether or not diffusion limitation can occur either from diffusion limitation in the surrounding medium or in the cell membrane is a fundamental one of considerable importance. The present study approaches this question in another way by asking how the barrier to oxygen transport presented by the membrane compares with that of the surrounding medium.
Because oxygen is constantly consumed, and oxygen consumption reactions are localized inside the cell, it follows that there must be a gradient in oxygen concentration across the cell plasma membrane. The value of the oxygen concentration difference is determined by the rate of oxygen consumption by the cell and the oxygen permeability coefficient of the cell plasma membrane. Values of oxygen concentration differences reported in the literature vary widely: from small, lower than 1 ~M (Katz, Wittenberg, and Wittenberg, 1984; Wittenberg and Wittenberg, 1985) , to large, a few micromolar to as great as 40 ~M (Tamura, Oshino, Chance, and Silver, 1978; Jones and Kennedy, 1982; Jones, 1984; Morse and Swartz, 1985; Glockner, Swartz, and Pals, 1989 ; see also review papers by Swartz and Pals, 1988; and Wittenberg and Wittenberg, 1989) .
Direct measurement of the oxygen concentration difference across a cell plasma membrane of oxygen-consuming cells is difficult because it must be done using oxygen-sensitive probes both outside and inside the cell (Swartz and Pals, 1988) . Another approach is to calculate the concentration difference on the basis of a measured oxygen consumption rate and the plasma membrane permeability coefficient for oxygen.
Attempts have been made to determine the oxygen membrane permeability coefficient using stop-flow rapid-mixing apparatus to create an oxygen gradient. These studies have been criticized because the presence of a thick (~ 2 ~m) unmixed water layer on the cell surface prevents immediate contact of the oxygenated solution with the cell membrane (Coin and Olson, 1979; Kutchai, 1981, 1983 ). Other studies have been reported using the quenching of fluorescence or phosphorescence probes by oxygen in red blood cell membranes, mitochondrial membranes, or artificial membranes to obtain insight into oxygen permeability. However, these methods give only the average oxygen diffusion-concentration product across the membrane because of the large size of the probe and its uncertain localization in the membrane (Fischkoff and Vanderkooi, 1975; Vanderkooi, Wright, and Erecinska, 1990) . Nuclear magnetic resonance techniques give a good spatial distribution of the oxygen diffusion-concentration product across the membrane, but the sensitivity of the method is low (McDonald, Vanderkooi, and Oberholtzer, 1979) .
In our previous papers we developed a methodology to estimate the membrane oxygen permeability coefficient from the profile of the oxygen diffusion-concentration product across the membrane Kusumi, 1989, 1991a; Subczynski and Markowska, 1992) . Our method is based on a theory by Diamond and Katz (1974) and does not need creation of fast decaying oxygen gradients. Profiles of the oxygen diffusion-concentration product across the membrane can be obtained using different electron spin resonance (ESR) spin-label approaches: line-broadening (Windrem and Plachy, 1980; Subczynski and Markowska, 1992) , continuous wave saturation (Subczynski and Hyde, 1981) , or saturation recovery (Kusumi, Subczynski, and Hyde, 1982; Subczynski et al., 1989 Subczynski et al., , 1991a . The present study uses the long-pulse saturation-recovery ESR technique to investigate oxygen transport in the plasma membrane of CHO cells by observing the collision of molecular oxygen with nitroxide radical spin labels placed at various distances from the membrane surface. The value of the membrane oxygen permeability coefficient is determined from the profile of the oxygen diffusion-concentration product across the cell plasma membrane, and the oxygen concentration difference under physiological conditions is then calculated. A description of the mathematical procedure is also given.
It is commonly accepted that stearic acid spin labels reside in the lipid bilayer portion of the cell membrane (Kaplan, Canonico, and Caspary, 1973; Bales, Lesin, and Oppenheimer, 1977) . However, the exact location of the spin labels within the cell has long been a subject of discussion. Recently, Nettleton, Morse, Dobrucki, Swartz, and Dodd (1988) , based on concentration-dependent broadening of the ESR spectra of the nitroxide 5-doxylstearic acid, concluded that the spin label must distribute into most cellular membranes of intact cells. There is also a body of evidence that supports the hypothesis that either a substantial portion of the label resides in the plasma membrane or the ESR signal arises mainly from the cell surface-located spin labels (Kaplan et al., 1973; Gaffney, 1975; Bales et al., 1977; Struve, Arneson, Chenevey, and Cartwright, 1977; Bales and Leon, 1978; Lai, Hopwood, and Swartz, 1980a; Dodd, Schor, and Rushton, 1982) . Support for the plasma membrane location of stearic acid spin labels comes from the facts that: (a) spin labels are rapidly reduced at physiological conditions when entering the cell interior, (b) K~Fe(CN)6, which is impermeable to cell membranes, can quickly reoxidize nitroxides that are reduced by the cell, resulting in revived ESR signals that are identical to the original signals, and (c) order parameters measured within minutes after label introduction are the same as those measured later. In this paper we assume the plasma membrane location of stearic acid spin labels, but we will return to that subject in the conclusion.
MATERIALS AND METHODS

Chemicals
5-, 12-, and 16-doxylstearic acid spin labels (5-, 12-, and 16-SASL) were obtained from Molecular Probes, Inc. (Eugene, OR) and 1-15N-l-oxylo-4-oxo-2,2,6,6,-tetramethylpiperidine -d16 (d-TEMPONE) was purchased from Merck Sharp and Dohme/Isotopes (Dorval, Quebec, Canada).
Spin Labeling of CHO Cells
Labeling of CHO cells with fatty acid spin labels was carried out as described previously (Lai, Hopwood, and Swartz, 1980b) . Briefly, 3 x 106 cells from an asynchronous population grown in spinner culture were centrifuged at 4°C at 300 g for 5 min and washed once with cold phosphate-buffered saline. A spin-label solution was prepared by drying an ethanolic solution of stearic acid spin label (SASL) under Nz in a 10-ml beaker, adding 2 ml of phosphatebuffered saline, and stirring vigorously for 5 min at 23°C. 2 ml of cell suspension was gently transferred to the spin-label solution and incubated at 23°C for 10 min with slow stirring (1 rev/s). The concentration of spin labels used in this study was in the range of 12-30 p.M. The spin-labeling procedure did not affect cell viability as indicated by plating efficiency (70-80%) or by the mitotic index determined using the hypotonic squash method. The spin-labeled CHO cells were washed twice. The last rinse contained 5 mM KCN to inhibit cell respiration. The thick cell suspension was transferred to a thin wall, 0.6-mm-i.d., gas-permeable capillary made from the methylpentene polymer, TPX ). This plastic is permeable to oxygen, nitrogen, and other gases and is substantially impermeable to water. The active sample volume was ~ 2 p.l.
Saturation-Recovery ESR Measurements
The sample in a TPX capillary was positioned inside the loop-gap resonator (Froncisz and Hyde, 1982) of the X-band saturation-recovery spectrometer. The spectrometer is based on the design of Huisjen and Hyde (1974) . Control of the concentration of oxygen in the sample was achieved by equilibrating it with the same gas that was used for temperature control, i.e., a mixture of nitrogen and air adjusted with flowmeters (model 7631H-604, Matheson Gas Products, Secaucus, NJ). Spin-lattice relaxation times (Tl's) of spin labels were measured using the long-pulse saturation-recovery technique (Kusumi et al., 1982; Subczynski et al., 1989 Subczynski et al., , 1991a . With long and intense pulses, the spin system approaches a steady state in which the populations of all energy levels tend to be equalized. After the saturating pulse is turned off, the recovery of the spin system to Boltzmann equilibrium is observed with a weak observing power. Typically, 1.25-2.5 × 104 decays per second were accumulated with 256 data points on each decay. Total accumulation time was typically 10 or 20 rain. All measurements of TI were made on the central line of the ESR spectrum for 20, and 37°C . The values of Tj were obtained by fitting the tails of the saturation-recovery signals to a single exponential.
Processing of Data
The rationale of the spin-label Tl method is that the molecular probe can be placed at a known location in the membrane to observe local events and that the time scale of Tl (1-20 p.s) is in the correct range to study many molecular processes (Yin and Hyde, 1987) . One of these processes is oxygen transport within the membrane. Bimolecular collisions of molecular oxygen (a fast relaxing paramagnetic species) and the nitroxide (a slow relaxing paramagnetic species) induce spin exchange, which leads to faster effective spin-lattice relaxation of the nitroxide. The bimolecular collision rate was evaluated by measuring the T~'s of the nitroxide as a function of the partial pressure of oxygen. An oxygen transport parameter W(x) was introduced as a convenient quantitative measure of the collision rate between the spin label and molecular oxygen (Kusumi et al., 1982) .
Note that W(x) is normalized to the sample equilibrated with atmospheric air. W(x) is proportional to the local concentration C(x) and the local translational diffusion coefficient D(x) of oxygen at a "depth" x in the membrane (which is in equilibrium with atmospheric air):
where A --8~vpro. Here r0 is the interaction distance between oxygen and the nitroxide radical spin label (~ 4.5 ~) and p is the probability that an observable event occurs when a collision occurs Subczynski and Hyde, 1984) . Membrane profiles of W (x) were constructed on the basis of measurements with SASL spin labels.
Permeability of the membrane to oxygen (PM) can be calculated from a W(x) profile on the basis of a theory by Diamond and Katz (1974) , according to the procedure developed by Subczynski et al. (1989) . It is assumed that oxygen diffusion is isotropic? Values of PM were determined from W(x) by integration:
Possible error arises from the uncertainty of A (=8~rpr0) in Eq. 2. Since A is remarkably independent of solvent viscosity, temperature, hydrophobicity, and spin-label species Subczynski, 1984, 1989; Subczynski and Hyde, 1984) , the ratio of the permeability coefficient across the membrane (PM) to the permeability across a water layer of the same thickness as the membrane (Pw) obtained from 1410 (d-TEMPONE) can be evaluated using Eq.
In Eqs. 3 and 4, ~M is the entire thickness of the lipid bilayer and Cw(air) is the oxygen concentration in water equilibrated with air at a given temperature. The permeability coefficient of oxygen in a water layer of thickness ~M can be determined from the macroscopic diffusion coefficient in bulk water (Dw) (St. Denis and Fell, 1971) according to the equation:
Using T~ measurements in membrane and in water, we determined the ratio PM/Pw, and using the value of Pw obtained in Eq. 5, we arrived at a value for the oxygen permeability coefficient across the membrane.
I We have previously shown that oxygen diffusion is almost isotropic in the liquid-crystalline phase of non-cholesterol-containing membranes (Kusumi et al., 1982) . Diffusion of oxygen below the pretransition temperature was found to be more rapid in the transverse than in the lateral direction.
2 In principle, according to the Smoluchowski equation, W(x) is proportional to the sum of the diffusion coefficient of oxygen and that of the nitroxide spin label. In the membrane, the diffusion coefficient of the stearic acid spin labels can be ignored relative to oxygen. However, for collisions of d-TEMPONE with oxygen in the aqueous phase, it cannot be neglected and W(d-TEMPONE) is a lumped transport parameter for oxygen and d-TEMPONE. To compare the pure oxygen transport parameters in the membrane and in water, the value W0(d-TEMPONE) in Eq. 4 was corrected by taking into account the diffusion coefficient of d-TEMPONE in water.
(Corrected values are used in Fig. 2 and Table II.) RESULTS AND DISCUSSION
Saturation-Recovery Measurement of the Oxygen Transport Parameter
The results of Tl measurements as well as calculated values of W(x) for 5-, 12-, and 16-SASL incorporated into the plasma membrane of CHO cells are presented in Table I . As expected because of oxygen-induced electron relaxation, T~-l(air) is always greater than T~-I(N2) at a given temperature using the same spin label. In addition, as shown in Table I , increasing temperature increases T~ -1 of the nitroxide at all three positions along the acyl chain regardless of the presence of air or nitrogen. Tl'S of SASL measured in nitrogen atmosphere for the CHO plasma membrane are longer than for model membranes (Kusumi et al., 1982; *Ti data were obtained for samples equilibrated with 50% air (in the case of 5-SASL) and 25% air (in the case of 12-and 16-SASL). "*The standard deviation is calculated for the number of independent measurements given in parenthesis. Hyde, 1987; Subczynski et al., 1989 Subczynski et al., , 1991a . This suggests slower motion of alkyl chains in plasma membranes compared with fluid-phase model membranes. Similar results have been reported based on linewidth ESR measurements (Lai et al., 1980b) . Addition of KCN did not affect T1 values inasmuch as the Tfs (N 2) measured in the presence of KCN were similar to those in its absence. Values of the oxygen transport parameter, W(x), are obtained by subtracting the data in nitrogen atmosphere from the data in the presence of oxygen (see Eq. 1). An extrapolation was made to 100% air on the basis of the linear dependence of T ~-i on oxygen concentration in the equilibrating gas (Kusumi et al., 1982; Yin and Hyde, 1987) . The results in Table I indicate two important trends: (a) the value of the oxygen transport parameter in the membrane, W(x), increases with temperature, and (b) at a given temperature, the value of W(x) varies with the position of the nitroxide along the acyl chain, being smallest at the membrane surface and greatest in the membrane center. Because nitroxide groups of SASL are located at different depths in the membrane, s the profile of W(x) across the membrane can be plotted as in Fig. 1 .
The oxygen transport parameter in the aqueous phase obtained with d-TEMPONE is also shown in Fig. 1 for comparison. The changes in W(x) are due to the dependence of both the solubility and diffusion coefficient of oxygen on temperature and location in the membrane. Similar profiles of the oxygen diffusion-concentration product were obtained for fluid-phase model membranes using saturation-recovery measurements (Kusumi et al., 1982; Subczynski et al., 1989 Subczynski et al., , 1991a ) and the ESR line-broadening method (Windrem and Plachy, 1980; Subczynski, Markowska, and Sielewiesiuk, 1991b Diffusion of small molecules in membranes has been related to kink formation in phospholipid alkyl chains (Tr~iuble, 1971; Pace and Chan, 1982; Subczynski et al., 1991a) . Decreased motion arises from a decreased number of kinks and results in lower solubility and diffusivity of oxygen. These models are consistent with decreased oxygen transport in plasma membranes compared with model membranes.
Our results also show that oxygen diffuses much more freely in the membrane center. It therefore can be inferred that all chemical reactions that are dependent on the collision frequency with oxygen (lipid peroxidation, formation of active forms of oxygen) will proceed more readily in the membrane center than in the hydrocarbon region close to the membrane surface (see Subczynski et al., 1991b) . Further, our data support the promising hypothesis of Skulachev (1990) that extended membraIn our previous papers (Merkle, Subczynski, and Kusumi, 1987; Yin, Feix, and Hyde, 1990) , we reported the existence of vertical fluctuations of nitroxide moieties of SASL toward the polar surfaces of the lipid bilayers. Measurements were made of bimolecular collision rates between nitroxide moieties at different locations on the alkyl chain. Information on the time-averaged depth, however, is not available. Vertical fluctuations are the result of alkyl chain bending rather than bobbing-like movement of the whole molecule; similar results were obtained for phosphatidylcholine spin labels (Yin, J.-J., J. B. Feix, and J. S. Hyde, unpublished data). Neutron diffraction measurement in deuterated phosphatidylcholine model membranes (Zaccai, Buidt, Seelig, and Seelig, 1979) show that average positions of the carbon atoms in the alkyl chain can be determined with an accuracy of -+ 1.5 ,~; however, it is also reported that the width of label distribution is found to increase at the end of the chain. These measurements indicate that for most of the time carbon atoms (in our case, nitroxide moieties) stay at the positions determined by Zaccai et al. (1979) . Our calculations (Subczynski et al., , 1991a assume that the nitroxide moiety of SASL is located at the mean depth of the 1-and 2-chains of the phosphatidylcholine membrane. nous systems may in principle be applied as routes for intracellular oxygen transport. Oxygen transport across the cytosol seems to be less effective.
Oxygen Permeability across the CHO Plasma Membrane
W(x) -l, which is a measure of resistance to oxygen permeation, is plotted as a function of distance from the center of the membrane in Fig. 2 A. Because of lack of other data, we assume that the thickness of the lipid part of the CHO plasma membrane and the locations of SASL nitroxide groups are the same as in the EYPC bilayer. For more detail, see the explanation in Table II and the method of evaluation of the thickness and nitroxide position in Subczynski et al. (1989 Subczynski et al. ( , 1991a . It is seen in Fig. 2 A that a moderate permeability barrier is located near the polar head-group region. The permeability coefficient of oxygen across the CHO plasma membrane was evaluated using Eq. 3 with the integration performed based on figures such as Fig.  2 A. We evaluated contributions to the integral in the polar head-group region by assuming first that W(x) throughout the region is the same as W(5-SASL), resulting in an upper limit value. It was then assumed that W(x) changes linearly from the value at the 5-SASL position to the value for the aqueous phase, resulting in a lower limit value. The value of PM was taken to he the mean of these two values. Support for the procedure comes from the fact that for model membranes, W(tempocholine dipalm-itoylphosphatidic acid ester), which reports the oxygen transport parameter for the polar head-group region, lies between W(5-SASL) and W(water) (Subczynski et al., , 1991a .
The manner of integration of the oxygen permeability coefficient across a water layer of the same thickness as a membrane is shown in Fig. 2 B. The ratio PM/Pw is the ratio of these two integrals. As previously noted, by using the ratio of PM/Pw, the effect of uncertainty of A in Eqs. 2, 3, and 4 can be reduced. The final value of PM was obtained by multiplying PM/Pw by the permeability value of oxygen through the Subczynski et al., 1989 Subczynski et al., , 1991a . (B) W0(water) -1 at 37°C plotted for a water layer of the same thickness as the membrane in order to illustrate the method of integration following Eq. 4 (measuring the area under the solid curve). Corrected values of W0(d-TEMPONE) were obtained by multiplying the oxygen transport parameter W(d-TEM-PONE) from Tl measurements by the factor Dw/[Dw + Dse (water)]. Values for the diffusion coefficient ofTEMPONE inwater (Dse(Water) = 0.9 × 10 -5, 0.6 × 10 -'~, and 0.45 x 10 -3 cm2/s at 37, 20, and 10°C, respectively) were obtained from ESR line broadening data presented by Molin, Salikhov, and Zamaraev (1980) . The value of 0.72 x 10 -3 cm2/s for translational diffusion of di-t-butyl nitroxide in water at 26°C was obtained by Ahn (1976) using a capillary diffusion method. The ratio of PM/Pw is simply the ratio of the areas shown in the figure. water layer as calculated from measurement of bulk diffusion constants (St. Denis and Fell, 1971) . Data are in Table II . The oxygen permeability coefficient for the CHO plasma membrane is found to be smaller by a factor of 2 than that for a water layer of the same thickness as the membrane at 37°C and by a factor of 5 at 10°C. At 37°C, PM of the CHO plasma membrane is comparable to the value of PM of DMPC model membranes containing 50 mol% of cholesterol and is two times smaller than PM of EYPC containing 50 mol% of cholesterol. It is, however, significantly larger than PM for DMPC in the gel phase.
A
We have searched the literature for measurements of permeability coefficients that can be compared with our measurements. Gutknecht, Bisson, and Tosteson (1977) reported CO2 permeability across an EYPC/cholesterol (1:1) bilayer of 0.35 cm/s, which is ~ 100 times lower than that for oxygen (Subczynski et al., 1991a) . We are unable to explain the low value obtained in their experiment. In another paper (Princen, Overbeck, and Mason, 1967) permeabilities were obtained for eight gases across a monolayer of hexadecyltrimethylammonium using a gas bubble resting at the gas/liquid interface. Values for A, 02, N2, CO2, N20, and Ne are very close, and lie in the permeability range from 13.6 to 39.5 cm/s. Permeabilities for He (88.5 cm/s) and H2 (62.0 cm/s) are significantly higher, but these gases have a much higher diffusion in many solvents. Because PM is smaller than Pw, it follows that the The thickness of the EYPC membrane (~M) was reported by Levine and Wilkins (197 l) and Lis, McAlister, Fuller, and Rand (1982) . The thickness of the hydrocarbon layer (~H) and that of the polar head group region (including the glycerol ester groups, 8p), as well as positions of the nitroxide group of spin labels were calculated by the procedure described in our earlier papers (Subczynski et al., , 1991a . The values are as follows: ~M = 32.1 ,~,; 8H = 24.5 ,~, and 8p = 3.8 ,~.. The nitroxide group of 5-, 12-, and 16-SASL are located at distances of 9.45, 4.55, and 1.75/~, respectively, from the membrane center. *The bulk diffusion coefficient of molecular oxygen in water (St. Denis and Fell, 1971 ) . ZThis ratio was determined from PM and Pw, both of which were determined in the pulse ESR spin-label experiment. ~Oxygen permeability coefficient across the water layer that has the same thickness as the membrane (calculated from the membrane thickness and Dw according to Eq. 5). FIPM was determined by multiplying Pw determined from the bulk diffusion coefficient and the PM/Pw ratio determined by the present spin-label method. In this way, uncertainties ofp and r0 can be avoided (see Eq. 2).
membrane will be a barrier for oxygen permeation. Our data indicate that for CHO cells at physiological conditions, oxygen concentration differences across the cell plasma membrane will be about two times greater than those across a water layer of the same thickness. Our results (Table II) show a greater temperature variation for PM than for Pw, which is consistent with the results of other investigators. If it is assumed that D(x) and C(x) Eq. 2 are constants, Eq. 3 becomes PM = DMKM/bM. We also have Eq. 5: Pw = DW/~M. Lieb and Stein (1986) report that DM exhibits a greater temperature dependence than Dw, both values increasing with temperature. In addition, KM for nonelectrolytes and gases also increases with temperature (Power and StegaU, 1970; Katz and Diamond, 1974; Dix, Kivelson, and Diamond, 1978; Subczynski and Hyde, 1983; Smotkin, Moy, and Plachy, 1991) . GENERAL DISCUSSION AND CONCLUSIONS Boag (1969) gives expressions for the profile of oxygen concentration outside and inside a spherical cell assuming uniform consumption of oxygen within the cell.
C(r)
where R is the radius of the cell, V is the oxygen consumption rate per cell, and D is the diffusion coefficient of oxygen (assuming that D is the same both inside and outside of the cell). Boag (1969) assumed that the drop of oxygen concentration across the cell plasma membrane is negligible. Knowledge of the membrane permeability, PM, allows us to add the missing term to Eq. 7.
where or equivalently,
Under conditions where enzymatic control limits respiration, &CM can be calculated from published data: V = 6 x l0 -17 tool of 02 s -1 per cell (Lai et al., 1982) , R = 8.2 p,m (Lai et al., 1980b) , D -3 × l0 -5 cm 2 s -1 (St. Denis and Fell, 1971) , and ~M ----32 ~ (see footnote to Table II) . We obtain ACM = 0.3 nM. The profile of oxygen concentration arising from oxygen consumption of a spherical cell is shown schematically in Fig. 3 .
Gradients inside and outside the cell can be calculated by taking the derivatives of Eqs. 6 and 8 with respect to r.
These can be compared with the gradient in the membrane
It is apparent from Eqs. 1 1 and 12 that the maximum possible gradients in the medium, both inside and outside the cell, occur at the cell surface, where both a value that is about half of that given by Eq. 13.
The "barrier" presented by the external medium is the integral of the gradient, Eq. 11, from r = R to o0, yielding, trivially, the concentration difference from Eq. 6, ACexterna[. Oxygen concentration differences calculated for a respirating CHO cell at 37°C are: ACe~t = 200 nM, ACint = 100 nM, and ACM = 0.3 nM.
(We apologize to the reader for tediously differentiating and then integrating, but we strive for precision in the use of the words "barrier" and "gradient.") This can be compared with the barrier presented by the membrane ACM in Eq. 10. One sees immediately that the oxygen consumption rate V can play no role in determining whether or not the membrane is a barrier to respiration. The barrier presented by the membrane can only be significant when 
R PM
Recall that Pw is the permeability of a layer of water of the same thickness as the membrane. Since the ratio Pw/PM = 2, this study leads to the conclusion that the membrane of the CHO cell can never be a barrier that significantly affects oxygen consumption even at rates of oxygen tension near the apparent Michaelis-Menten constant. And, furthermore, for any systems with membranes of the same permeability as that of CHO cells, the membrane can be a barrier only if R is very small, becoming comparable indeed to the membrane thickness itself. The extension of these conclusions to other cell systems and to organelles must depend on membrane constituents and their effect on oxygen transport. Cholesterol at high concentration decreases the PM of model membranes (Subczynski et al., , 1991a . It is accepted that cholesterol is especially abundant in the plasma membrane of mammalian cells; however, we have no exact data for CHO cells. Available data show only that the amount of cholesterol in the particulate fraction of CHO cells is 1.7 ~g/106 cells (Cress, Culver, Moon, and Gerner, 1982) . The molar ratio of cholesterol/phospholipid lies between 0.4 and 0.5 (Rintoul, Sklar, and Simoni, 1978; Cress and Gerner, 1980; Cress et al., 1982) . The amount of cholesterol per CHO cell is lower than for other lines (Cress et al., 1982) . However, the ratio of cholesterol/ phospholipid is rather typical. It would appear from this survey of the literature taken together with the results presented here that variations of cholesterol content among various membranous systems are not likely to be the determining factor in affecting respiration.
Data do exist indicating that protein content in the membrane can affect the oxygen permeability coefficient. See, for example, Kawasaki, Yin, Subczynski, Hyde, Ohnishi, and Kusumi, 1988; Altenbach, Marti, Khorana, and Hubbell, 1990; Ashikawa, Yin, Subczynski, Hyde, and Kusumi, 1990 . These studies, however, introduce another level of complication: they demonstrate variations of oxygen transport between bulk lipid and boundary layers of proteins, between protein clusters and bulk lipids, between lipid domains, and within the integral membrane protein itself.
The protein content in mammalian cell plasma membranes is rather low. Typical protein to lipid ratios (wt/wt) lie between 0.4 and 1.5, compared with a ratio of 3.0 in protein-rich membranes (halobacterium purple membrane or mitochondrial inner membrane) and a ratio of 0.18 in protein-poor membrane (myelin) (Guidotti, 1972) . On the basis of data available in the literature (Juliano and Behar-Bannelier, 1975; Cress et al., 1982; Nettleton et al., 1988) , we estimate the protein to lipid ratio (wt/wt) in CHO cell plasma membranes to be less than or equal to 1.0. Although it is established that substantial local variations in oxygen transport exist, it does not appear that the average permeability of the mammalian membrane can be sufficiently altered by variations in protein content that the membrane itself can become a diffusion-limitation barrier that affects respiration.
As mentioned in the Introduction, it is possible that SASL is redistributed among all cell membranes. In this event, we measure the average oxygen transport parameters through the lipid bilayer portion of all membranes (the total plasma membrane lipid of the CHO cell consists of only 7% of the cell's total lipid content [Nettleton et al., 1988] ). If SASL is distributed between all cell membranes, it could only decrease the evaluation of PM because of the contribution of membranes rich in integral proteins such as the mitochondria and endoplasmic reticulum. If this is indeed the case, the oxygen permeability of the CHO plasma membrane reported here is a lower limit. It might be even closer to that of the bulk medium.
THE JOURNAL OF GENERAL PHYSIOLOGY -VOLUME 100 • 1992 Finally, we compare oxygen permeability across a lipid bilayer with the permeabilities of other small nonelectrolytes. We use data collected by Walter and Gutknecht (1986) for the diffusion across an EYPC bilayer of nonelectrolytes having molecular weights smaller than 300. These authors studied Overton's rule. They plotted the permeability of various nonelectrolyte solutes across EYPC versus the partition coefficient of the solute between organic solvent and water according to the equation
This relation can also be written in the form
where
A total of 24 solute PM, K pairs were studied in four solvents: hexadecane, olive oil, octanol, and ether. They found higher correlation coefficients in hexadecane and olive oil if the seven solutes of mol wt < 50 are omitted. They did not plot the data for the seven small molecules according to Eq. 17. We have done so, and have added our own data for the permeability of oxygen through EYPC (Subczynski et al., 1991a) together with values of oxygen partition coefficients from the literature (Macey, 1948; BattinG, Evans, and Danforth, 1968 ) (see log No log KH FIGURE 4. The permeability coefficient (PM) across an EYPC bilayer is plotted against the partition coefficients at 25°C between olive oil and water (A) and between hexadecane and water (B). Solutes are numbered as follows: 1, water; 2, hydrofluoric acid; 3, ammonia; 4, hydrochloric acid; 5, formic acid; 6, methylamine; 7, formamide; 8, oxygen. Data for solutes 1-7 are taken from Walter and Gutknecht (1986) and for solute 8 from Subczynski et al. (1991a) Walter and Gutknecht (1986) using solutes of 50 < mol wt < 300. The main conclusion from Fig. 4 and Table III is that the behavior of oxygen is fully compatible with that of other nonelectrolyte solutes of tool wt < 50 over a range of 4 x 105 in permeabilities and 106 in partition coefficients. A further conclusion, also emphasized by Walter and Gutknecht (1986) , is that a significant change in membrane transport mechanisms for small nonelectrolytes occurs at mol wt = 50.
We have not found a precise and widely accepted definition of Overton's rule, but we are of the opinion from our reading of the literature that this rule requires a linear dependence between membrane permeability and partition coefficient. For solutions of tool wt < 50, Overton's rule is not followed using olive oil. For hexadecane, the rule is approximately satisfied for all molecular weight solutes of mol wt < 300, but correlation coefficients are improved if solutes are grouped into those with tool wt < 50 and tool wt > 50, with slightly adjusted parameters.
It is concluded that: (1) The oxygen permeability coefficient can be evaluated for biological membranes based on the profiles of the oxygen transport parameter. (2) A rule can be formulated to predict membrane permeability coefficients for small nonelectrolyte solutes (mol wt < 50), including oxygen, from partition coefficients into hexadecane and olive oil, although the linear dependence between membrane permeability and partition coefficient is observed only for hexadecane as a model solvent. (3) The oxygen concentration difference created across the cell plasma membrane during oxygen consumption by the cell is of the order of magnitude of nanomolar. (4) The cell plasma membrane is not a barrier for oxygen transport to the cell and cannot influence or regulate the oxygen consumption rate.
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